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ABSTRACT
THE EFFECT OF ESTRADIOL ON BROWN ADIPOSE TISSUE
OF RATS AND HAMSTERS
(September 1984)
Neile K. Edens, B.A., University of Washington
M.S., University of Massachusetts,
Ph.D., University of Massachusetts
Directed by: Professor Mark I. Friedman
Estradiol benzoate treatment increased lipogenesis (as measured by
tritium incorporation from [3H] 20 into fatty acids in vivo) in interscapular
brown adipose tissue, uterus, and liver of ovariectomized rats. Hormone
treatment decreased tritium incorporation into parametral white adipose
tissue of the rat. Estradiol treatment had no effect on brown adipose tissue
lipoprotein lipase activity in the rat, suggesting that the increase in tritium
incorporation into brown adipose tissue lipids reflects an increase in endogenous
synthesis, rather than increased uptake of lipids synthesized elsewhere.
In the ovariectomized golden hamster, estradiol treatment increased
tritium incorporation into interscapular brown adipose tissue and uterus, but
decreased incorporation into liver, and had no effect in parametral white
adipose tissue. In contrast to the rat, estradiol treatment increased brown
adipose tissue lipoprotein lipase activity and decreased plasma triglyceride
levels in the golden hamster.
Estradiol treatment decreased feed efficiency in golden hamsters, but
did not alter their ability to defend body temperature against a 4° C cold
challenge for one or three hours. In addition, three weeks of cold acclimation
v
did not exaggerate the differences between estradiol-treated and control
hamsters in body weight and carcass adiposity.
These results suggest that one of the ways that estradiol may decrease
body weight in rats and hamsters is through changes in thermogenesis mediated
by brown adipose tissue, but that estradiol treatment does not increase the
thermogenic capacity of this tissue. In addition, estradiol has metabolic
effects in hamsters that differ from its effects in rats.
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CHAPTER I
GENERAL INTRODUCTION
Estradiol Effects on Energy Balance
Body energy balance, including body adiposity, is subject to complex
regulation. Many factors influence the size of adipose tissue stores, including
variations in the metabolic and endocrine state of the animal, which may act by
influencing caloric intake and/or energy expenditure. One of the endocrine
glands able to affect adiposity is the ovary. It has been shown that food intake,
voluntary exercise, and body weight fluctuate across the estrous cycle of both
rats and hamsters. In rats, plasma estradiol (E
2 )
peaks during the day of the
cycle designated proestrus on the basis of vaginal cytology (7). Food intake is
suppressed during the night of proestrous (70), when voluntary exercise
increases (5), and weight loss occurs (53). In hamsters, plasma E
2
begins to rise
on the last day of diestrus and peaks during the afternoon of proestrus (2).
Food intake is suppressed on both those days, and body weight is lowest during
proestrus and estrus, following the cyclic changes in food intake, but out of
phase by one day (52).
Because changes in food intake and body weight that occur during the
estrous cycle are small and variable, and undoubtedly result from the interplay
of a number of hormonal events, the experimental investigation of the role of
estradiol in energy homeostasis has focussed on the ovariectomized (OVX)
animal maintained on a fixed dose of Eg. OVX results in a sustained increase in
body weight (30,44) and a transient increase in food intake, both of which are
1
2prevented or reversed by estradiol treatment (51, 68, 52). The increased body
weight caused by OVX is due in part to an increase in linear growth (10, 53) but
a selective increase in body adiposity also occurs (21, 44).
Although food intake and body weight change in parallel when E
2 levels
are manipulated, the relationship between the two is not necessarily causal. It
has been shown that estradiol can decrease body weight in the absence of
changes in food intake (59). OVX rats pair-fed to OVX, Entreated rats still
showed an increase in body weight commensurate with that of freely feeding
OVX rats. That is, OVX, Entreated rats are energetically less efficient than
controls. It has been calculated that OVX rats are more efficient (in terms of
grams body weight gain/kcal consumed) than sham operated controls (38).
Similar results have been reported by others (41, 53).
If estradiol can decrease body weight without decreasing energy intake,
then it must increase energy output. OVX rats treated with estradiol are more
active than controls (51), but estrogenic effects on food intake and body weight
can be separated from effects on activity by the use of MER-25, a synthetic
anti-estrogen that is fully estrogenic for food intake and body weight, but has
no effect on activity. OVX rats pair-fed to OVX, MER-25 treated rats increase
their body weight to a degree similar to OVX, freely feeding rats (63). This
demonstrates that estrogenic effects on efficiency can occur in the absence of
effects on activity. Another way E
2
might enhance energy output is by
increasing the number of calories an animal expends as heat, or
thermogenesis. If this were the case, E
2
might also be expected to increase
body temperature (Tb). Although there has been a report that Tb of rats is
increased on the afternoon of proestrus, and that E
2 treatment of OVX rats
3elevates T
b (49), most other data indicate that E 2 decreases Tb> either during
estrous in rats (5, 50,) or when given exogenously to OVX rats (83) and humans
(36). There have also been reports that E
2 has no effect on Tb of rats (9, 42).
Part of this confusion may stem from the fact that Tb is an index of the
balance between heat production and heat loss. Both processes may be
affected by E
2 ,
and variations in dosages and experimental conditions could
produce different net changes in Tb . That E2 increases heat loss is
demonstrated by the fact that OVX, Entreated rats placed in a -7° C
environment will bar-press more than controls for a heat reward (83). This is
due to an increase in dry heat loss rather than evaporative heat loss (42). In
addition, E
2
treatment of OVX rats increases resting metabolic rate as
measured by oxygen consumption (9, 42), which may be indicative of increased
thermogenesis.
Nonshivering and Diet-induced Thermogenesis
Increases in energy expenditure unrelated to exercise have been
described in a number of other situations. The most dramatic of these occurs
in hibernating animals. When small animals, such as hamsters, hibernate in cold
(5° C) temperatures, their Tb is maintained at about
1° C above the ambient
temperature (47). Arousal from hibernation requires that the body be
rewarmed, which involves the generation of a large amount of metabolic heat
until the hamster is sufficiently recovered to shiver. In addition, when
nonhibernating animals, such as rats, are exposed to cold temperatures for
prolonged periods of time, initial shivering is supplanted by an increase in
4metabolic rate (65), which serves to generate heat for T
fa
maintenance. This is
termed nonshivering thermogenesis (NST).
Another way thermogenesis can be increased is by overfeeding. This
diet-induced thermogenesis (DIT) is to be distinguished from the energy that is
lost as heat in the absorption and oxidation or storage of a meal, the so-called
specific dynamic action of food. DIT occurs when rats overconsume calories,
as when they are given access to a varied and highly palatable "cafeteria diet"
(60) or a sucrose solution in addition to stock diet (20). In both cases rats gain
weight, but not as much as would be expected from the magnitude of their
increased caloric intake. For instance, an 80% increase in caloric intake of
cafeteria diet is accompanied by an only 27% increase in body weight gain
(60). Similarly, when rats are given access to sucrose solution in addition to
stock diet, they consume 23% more calories than controls, but gain weight at
the same rate (20). The decreased efficiency of cafeteria fed rats is
accompanied by an increase in metabolic rate (60). In addition, the increase in
metabolic rate stimulated by norepinepherine injection is doubled in cafeteria
fed rats. In contrast, when golden hamsters are given access to sucrose
solution in addition to stock diet, they maintain both their caloric intake and
body weight at control levels (79). When hamsters are fed a high fat diet,
although their caloric intake is not changed, both body weight and carcass lipid
content are increased. This increase in energetic efficiency is accompanied by
decreased metabolic rate (79).
These data illustrate the fact that changes in thermogenesis can have a
significant impact on the size of body energy stores in both rats and hamsters.
It may be the case that the increased metabolic rate observed in Eg-treated
rats is an indication of increased thermogenesis and responsible for their
decreased energetic efficiency.
Brown Adipose Tissue
It has been convincingly demonstrated that the rewarming that occurs on
arousal from hibernation is accomplished by heat production in brown adipose
tissue BAT (67). BAT consists of a number of specialized deposits of adipose
tissue anatomically well positioned to deliver warmth to the rest of the body.
The largest deposits of BAT in both the rat and the hamster are paired dorsal
pads that lie between the scapulae. In the rat, BAT can also be found in thin
strands in the in the ventral neck, between the kidneys and around the
abdominal aorta (15). In the hamster, BAT extends from the paired
interscapular pads beneath the scapulae and into the axillary apices. BAT is
also found around the sympathetic chain ganglia in the thoracic region, the
adrenals, and renal hila (1). In both species BAT surrounds and insulates the
upper thoracic region so that blood may be warmed not only by passing directly
through BAT, but also by radiated warmth from the tissue (35). The
distinguishing color of BAT is derived from its high degree of vascularization
(14) which is four to six times that of white adipose tissue (WAT) in the rat (27).
BAT is innervated predominantly by the sympathetic nervous system.
Axons arising from the sympathetic chain ganglia innervate the blood vessels
and individual adipocytes. The fine fibers which surround each fat cell possess
varicosities which contain adrenergic vesicles. These varicosities may
represent synaptic contacts between sympathetic axons and adipocytes (84).
6Adrenergic activation of BAT is mediated by beta receptors (54). Similar to
WAT, norepinephrine released from nerve terminals interacts with the cell
surface receptor, and in so doing increases the activity of adenylate cyclase.
The resulting increase in cyclic AMP activates a protein kinase which
phosphorylates and activates hormone sensitive lipase. This results in
hydrolysis of intracellular triglyceride stores and the release of free fatty
acids, which become available for oxidation and consequent generation of heat.
BAT derives its unique ability to generate large quantities of heat from
the fact that oxidation of fatty acids can be uncoupled from regeneration of
ATP. Normally, mitochondrial respiration and ATP synthesis are coupled by an
electrochemical proton potential that exists across the inner mitochondrial
membrane. During respiration, protons pass out of the matrix, accumulate in
the intermembrane space, and create the electrochemical gradient. The flow
of protons across the mitochondrial inner membrane, back into the
mitochondrial matrix, is through ATP synthase and yields the energy used for
phosphorylation of ADP. A cellular surfeit of ATP inhibits the synthase and
proton re-entry. This increases the proton potential, which inhibits
respiration. The uncoupling of respiration and ATP synthesis that occurs in
BAT mitochondria is a result of the fact that protons may re-enter the
mitochondrial matrix without going through ATP synthase. This short circuit
allows the proton potential to remain low and respiration to proceed at
uncontrolled rates. A component of this alternative site of proton re-entry is a
32,000 dalton protein which specifically binds guanosine diphosphate (GDP).
The degree of proton conductance through this re-entry site is inversely
proportional to the amount of GDP bound by the protein. High intracellular
7levels of fatty acids that result from norepinerpherine stimulated lipolysis
displace GDP from the binding site and permit protons to flow into the
mitochondrion without ATP synthesis. Consequently, norepinepherine
stimulated lipolysis in BAT is accompanied by high rates of fatty acid
oxidation, respiration and heat production (55).
The increases in thermogenesis caused by cold acclimation and over-
feeding are mediated by increased metabolic activity in BAT. Both cold
exposure and overfeeding (85) increase sympathetic outflow, as measured by
norepinepherine turnover, to BAT. Cold exposure increases blood flow to BAT
(17). In addition, cold acclimation and overfeeding cause adaptive changes in
BAT that enhance thermogenesis. These include hyperplasia of the tissue (61,
74) and increased content of the GDP-binding protein (6, 75). By these means,
cold acclimation and over-feeding increase not only thermogenic activity of
BAT, but also its thermogenic capacity.
In summary, BAT is specialized anatomically, histologically and
biochemically for the production of large amounts of heat. Increased
thermogenic activity in BAT may provide warmth necessary for survival at low
environmental temperatures, and may serve to dissipate excess calories when
rats are overfed. Given that E« decreases energetic efficiency like cold
acclimation and overfeeding do, E2~induced increases in metabolic rate
observed in rats may be mediated by increased BAT metabolic activity.
Although Eg-induced reductions in body weight in the absence of
decreases in food intake have been systematically investigated only in rats,
golden hamsters are able to alter their body weight in the absence of changes in
food intake in a variety of other situations. Both high fat diets and short
8photoperiods and high fat diets have approximately the same effect on body
weight gain and efficiency in OVX hamsters, although a direct statistical
comparison, that might detect an attenuated effect of photoperiod after OVX,
has not been made (3). It has been suggested that the fluctuations in body
weight that occur across the estrous cycle of hamsters are larger than can be
accounted for by changes in food intake (52), so although it appears that
ovarian hormones are not necessary for the effect of photoperiod on body
weight and feed efficiency, they may be sufficient to alter these variables.
Because BAT oxidizes lipid fuels to generate heat, it requires a
continuing supply of fatty acids to replenish its limited stores. In addition to
the numerous changes in BAT that occur in response to thermogenic stimuli,
metabolic alterations which increase the supply of lipid fuels to BAT also take
place. Lipoprotein lipase (LPL), is an extrahepatic enzyme located on the
luminal side of the capillary endothelium in a variety of tissues, including WAT,
skeletal muscle, and uterus. Its function is the hydrolysis of circulating
triglycerides. The fatty acids liberated by this hydrolysis diffuse into cells for
utilization as an energy source (e.g. muscle) or for re-esterification into stored
triglycerides (e.g. WAT). LPL is increased in the BAT of cold acclimated rats
(4, 57). Lipogenesis is increased in BAT of both cold acclimated rats (73) and
hamsters (74). Both increased lipogenesis and activity of the enzymes of
lipogenesis, acetyl CoA carboxylase and fatty acid synthetase are observed
after sucrose feeding (20), but not cafeteria feeding (62).
Because enhanced lipogenesis and LPL activity in BAT are so well
correlated with increased thermogenesis, one of the aims of the work described
in this dissertation was to find out if they were elevated after E„ treatment of
9OVX rats and hamsters. In addition, attempts were made to assess more
directly the possibility that E
2
treatment stimulates thermogenesis by
statistically comparing the energetic efficiency of Entreated hamsters and
controls, by measuring E
2-treated hamsters' ability to defend their Tb against a
brief cold challenge, and by examining the interaction of E
2 treatment with a
known thermogenic stimulus, long-term cold acclimation.
CHAPTER II
APPEARANCE OF NEWLY-SYNTHESIZED FATTY ACIDS
Introduction
Since preparations in which energy expenditure is increased are
characterized by adaptive changes in BAT to ensure adequate substrate supply,
these adaptive changes can be used as markers for increased metabolic activity
in BAT. If E
2
treatment increases fatty acid oxidation and thermogenesis in
BAT, it should also enhance lipid turnover and the appearance of newly-
synthesized fatty acids in that tissue. It is possible to quantify the appearance
of newly-synthesized fatty acids in a tissue by measuring the incorporation of
tritium from [°H]
20 into lipids (37). The amount of tritium incorporated into
the lipids of a tissue is used as an index of fatty acid synthesis taking place in
that tissue. In reality, labelled fatty acids may be synthesized in one tissue and
transported via the plasma to another. For this reason, it is most accurate to
use tritium incorporation into tissue lipids as an indication of the degree to
which newly-synthesized fatty acids are available to a tissue, either by
increased synthesis or by increased uptake.
In the first experiment, the effect of E
2 treatment on the incorporation
of tritium from [3 H] 20 into lipids of BAT, parametrial WAT, liver, uterus, and
gastrocnemius muscle of OVX rats and hamsters was measured.
10
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General Methods
Animals
Female Sprague-Dawley derived rats (CD; Charles River; Wilmington,
MA) initially weighing 200-250 grams and female golden hamsters, purchased
from the same supplier and initially weighing 100-150 grams, were used. Rats
and hamsters were housed in individual hanging wire cages with Purina
Laboratory Chow pellets (except as noted below) and tap water available ad
libitum
.
In most experiments body weight (to the nearest gram) and food intake
(to the nearest 0.1 gram, pouching by hamsters and spillage corrected for, were
measured twice a week. Rats were housed in animal rooms with the light cycle
maintained at 12 hr light: 12 hr dark, but, because long days appear to be
necessary for the expression of estradiol's effects on food intake and body
weight in hamsters (52, cf. 86), they were housed in 14 hr light: 10 hr dark. The
temperature in the animal room was maintained at approximately 21 ° C.
Surgery and hormone treatment
All animals were OVX via bilateral dorsolateral incisions under
methoxyfluorane (Metofane; Pitman-Moore) anesthesia. Daily hormone or
control treatment began the next day. Hormone treated rats were injected
daily with 2 ug estradiol benzoate (Steraloids; Wilton, NH) dissolved in 0.1 ml
sesame oil. Hormone treated hamsters were injected daily with 5 ug Eg
dissolved in 0.1 cc sesame oil. These dosages produce plasma levels of estradiol
within the physiologic range (16, 29). Control animals received daily injections
of 0.1 cc sesame oil vehicle. E2~treated and control groups were matched for
pre-operative food intake and body weight.
12
Statistics
Results are expressed as means + standard error of the mean. All
comparisons are made between experimental and control groups at the end of
the experimental period. These comparisons were evaluated for statistical
significance with Student's t-test or, when appropriate, analysis of variance
(ANOVA). Repeated measures ANOVA was used to evaluate changes in food
intake over days. In all experiments, body weight changes were calculated
from the beginning to the end of hormone treatment, and differences between
groups were evaluated with Student's t-test. The effect of E
2
treatment on
efficiency of weight gain was estimated by repeated measures ANOVA on daily
body weight change with daily food intake as a covariate. A comparison was
considered significant if p< .05.
Experiment 1
Measurement of lipogenesis
After three weeks of Eg or control treatment, lipogenesis was estimated
in twenty rats and twenty hamsters by measuring tritium incorporation into
tissue lipids from [^HlgO by the method of Trayhurn (73). On the morning of
the experiment, animals were injected intraperitoneal^ with 2.0 mCi of [ HlgO
(New England Nuclear) and placed in a cage in a fume hood. One hour later
they were killed by intraperitoneal injection of 1.0 cc Nembutal, and a blood
sample was taken from the right ventricle of the heart. The blood was
centrifuged and plasma samples were mixed with 12 ml toluene-based
scintillation fluid containing 33% Triton X-100, and radioactivity counted in a
13
Packard model 2425 scintillation counter to obtain the specific activity of
plasma water. After the blood sample was obtained, samples of interscapular
BAT, parametrial WAT, uterus, liver and gastrocnemius muscle were rapidly
dissected, weighed and placed in culture tubes. The tissues were saponified
with 1 ml 30% KOH at 70° C for 20 min. 1 ml of 100% EtOH was added and
saponification continued for 2 hours, when 1 ml 18 N H
2
S0
4
was added. The
lipids were then extracted from the saponified tissues with 3 x 3 ml petroleum
ether, and the combined extracts were washed with 3 x 3 ml distilled water.
The washed extract was transferred to a scintillation vial and the petroleum
ether was dried off over night. The next day 12 ml toluene-based scintillation
fluid was added to the lipid extract remaining in each scintillation vial, and
radioactivity was counted. Plasma specific activity and ug-atoms 3H
incorporporated/g tissue/hour were calculated.
Results
E
2
treatment decreased body weight gain in both rats (t
lg
= 12.40, p
.001) and hamsters (t
lg
= 7.14, p < .001) (Table 1).
In rats, E2 treatment increased tritium incorporation into lipid in
interscapular BAT by 80% (t lg = 3.82, p< .01), doubled incorporation into liver
(t 18 = 5.05, p < .001), and tripled it in uterus (t lg = 4.13, p < .001) (Fig. 1). E 2
treatment decreased tritium incorporation into lipid of parametrial WAT by
41% (tjg = 2.75, p < .02) and increased incorporation into gastrocnemius muscle
by 30%, which was not statistically significant.
Similarly, in hamsters, three weeks of E
2
treatment increased tritium
incorporation into lipid in interscapular BAT by 75% (t lg = 4.64, p< .001) and
14
2
more than doubled it in uterus (t
lg = 6.42, p < .001) (Fig. 2). However, E
treatment decreased tritium incorporation into lipids in liver by 55% (t =
1
8
4.76, p < .001). E 2 treatment had no effect on tritium incorporation into lipid
of parametrial WAT, and while it decreased incorporation into gastrocnemius
muscle by 28%, this was not statistically significant.
The specific activity of plasma water was not different in Entreated
and control rats (9.8 + 0.8 uCi/ml vs. 9.0 uCi/ml) or hamsters (16.8 + 0.8 uCi/ml
vs. 17.5 + 0.7 uCi/ml).
Discussion
The levels of tritium incorporation into liver and WAT of control animals
are comparable to levels reported by others for both rats (73) and hamsters
(74). The values for apparent fatty acid synthesis in BAT reported by Trayhurn
in control rats (16.2 ug atoms H incorporated/hr/gm) and hamsters (11.3 ug
atoms H incorporated/hr/gm) are somewhat lower than observed in this
experiment. This may reflect the fact that his animals were maintained at a
fairly high ambient temperature (28-30° C) which is closer to thermoneutrality
for these rodents than the ambient temperature of approximately 21° C used in
Experiment 1.
E
2
treatment clearly affects the disposal of newly-synthesized fatty
acids among various tissues in both rats and hamsters. E2~induced
enhancement of tritium incorporation into liver lipids is consistent with the
fact that E2 elevates the activity of hepatic acetyl CoA carboxylase and fatty
acid synthetase (22) and probably reflects a true increase in lipogenesis by the
liver. E 9-induced changes in apparent fatty acid synthesis also parallel the
15
effect of E
2 treatment on paramesial WAT and uterine LPL activity in the rat
(23). E 2 caused an increase in apparent fatty acid synthesis in uterine muscle
of hamsters which, like that of the rat, grows in response to E
2 treatment. In
contrast, E
2
had no effect in paramesial WAT, and actually decreased
apparent synthesis in liver of hamsters. Little is knkown about the effects of
ovarian hormones on adipose tissue and hepatic lipid metabolism in hamsters.
These results indicate that they differ from effects in rats.
Relative to the hypothesized action of estradiol on thermogenesis, the
most significant finding of this experiment is that E
2
treatment increased the
appearance of newly-synthesized fatty acids in interscapular BAT of both rats
and hamsters. This E
2
~induced increase is smaller than that induced by cold
acclimation. E
2
increased tritium incorporation by 75 - 80% in BAT of rats and
hamsters, while cold acclimation causes an 8 to 15 fold elevation (73, 74). This
is probably due to the fact that E
2
is not as potent a thermogenic stimulus as
cold acclimation.
16
Table 1. Body weight gain (in g) of ovariectomized rats and hamsters
during the course of estradiol benzoate (E 9 ) or sesame oil vehicle treatment
Values are means ± SEM.
Experiment Rats Hamsters
H Oil Oil
1 16 ± 3a 60 + 3 o + l a 15 + 2
2 3+ l a 18 + 2
3 3 week 4 + 2a 20 + 2
3 5 week 2+ la 15+2
6 21° C 6 + 2a 27 + 3
4° C -26 + 4a 'b 14 + 2b
p< .01 vs. oil-treated controls
p< .01 vs. animals housed at 21° C
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Fig. 1. In vivo tritium incorporation (from [^H^O) into fatty acids in
interscapular brown adipose tissue (BAT), liver, parametral white adipose
tissue (WAT), uterus and gastrocnemius muscle in ovariectomized rats treated
with 2 ug estradiol benzoate (EB) per day or sesame oil vehicle for three weeks.
18
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Fig. 2. In vivo tritium incorporation (from TH^O) into fatty acids in
interscapular brown adipose tissue (BAT), liver, parametrial white adipose
tissue (WAT), uterus and gastrocnemius muscle in ovariectomized hamsters
treated with 5 ug estradiol benzoate (EB) per day or sesame oil vehicle for
three weeks.

CHAPTER III
LIPOPROTEIN LIPASE ACTIVITY
Although Experiment 1 showed that E
2 treatment can increase the
appearance of newly-synthesized fatty acids in the BAT of rats and hamsters,
the method of tritium incorporation cannot distinguish between changes in
endogenous synthesis of fatty acids in a given tissue and changes in uptake of
fatty acids that have been recently synthesized in other tissues and transported
in the plasma as free fatty acids or triglycerides. LPL activity is well
correlated with uptake of fatty acids into adipose tissue (11). To investigate
the possibility that E
2
treatment enhances the appearance of newly-synthesized
fatty acids in BAT by increasing uptake from circulating triglycerides, LPL
activity was measured in BAT of both rats and hamsters.
Experiment 2
Introduction
In this experiment BAT LPL activity was measured in rats after one or
three weeks of hormone treatment. Two times were chosen for comparison
because E
2 has a complex time course of action of food intake, body weight,
plasma triglycerides, and the activities of several enzymes including WAT LPL
(22, 58, 59). In addition, because food intake of E
2
~treated rats is decreased
after one week of hormone treatment, but has recovered to normal levels after
three weeks of treatment despite sustained depression of body weight, the
thermogenic effect of E« treatment and concomitant changes in BAT.
21
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Method
Procedure. Twenty-seven OVX rats received E
2 or control treatment as
described in General Methods. After one week, the rats were sacrificed by
decapitation and interscapular BAT and paramesial WAT were be dissected,
weighed, and processed for assay of LPL activity. The tissue samples were
homogenized in a solution of .25 M sucrose-lmM EDTA. The homogenized
samples were centrifuged at 12,000 x g for 15 min. A sample of the
mitochondria-free supernatant was collected from beneath the fat layer and
stored frozed at -35° C until the day of the assay.
An additional group of 27 rats was OVX and received E 0 or oil
treatment. After three weeks they were sacrificed and only interscapular BAT
was collected, processed, and assayed for LPL activity.
Assay of adipose tissue lipoprotein lipase activity. LPL activity of BAT and
WAT was measured by a modification (28) of the method of Schotz (64).
Samples of tissue homogenate were incubated with an emulsion of 14C-triolein
at 37° C for 30 min. The LPL contained in the tissue sample homogenate
hydrolyzes 14C labelled fatty acids from the triolein. These fatty acids were
extracted from the incubation mixture with chloroform-methanol-heptane and
measured by counting the radioactivity in the extractate with a scintillation
counter. Non-LPL lipase activity that might be contained in the tissue sample
was measured by carrying out incubations in the presence of concentrated
NaCl, which inhibits LPL. This activity was subtracted from the total lipase
activity to derive LPL. The protein content of adipose tissue was measured by
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the method of Lowry (46), so that LPL activity eould be expressed in terms of
tissue protein content rather than per gram of tissue, which may yield
misleading results when comparisons are made between groups that differ in
adiposity.
Results
Body weight gain was decreased in the rats treated with E
2
for one week
compared to controls (t25 = 6.92, p < .001) (Table 1).
One week of E
2 treatment decreased LPL activity in parametrial WAT
(t25 = 2.49, p< .02) but had no effect on LPL activity in interscapular BAT (Fig.
3A). Similarly, three weeks of E
2
treatment had no effect on interscapular
BAT LPL activity (Fig. 3B). Neither one nor three weeks of E
2
treatment had
any effect on the size of the interscapular BAT pad (Table 2). The protein
content of BAT was the same in the Entreated and control groups (Table 3).
Discussion
Given the increase in tritium incorporation into lipids of BAT of E
2
treated rats, the failure of E
2
treatment to alter BAT LPL activity suggests
that it increases the actual rate of fatty acid synthesis in BAT. It seems
possible, however, that three weeks of E
2
treatment, by increasing plasma
triglycerides, could enhance uptake of fatty acids in the absence of alterations
in LPL activity.
The fact that E
2 treatment had no effect on the size of the
interscapular BAT pad differs from the finding of Kemnitz (39), who reported
that E
2 treatment in OVX rats slightly increased the size of interscapular
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BAT. Although the Educed increase in BAT size observed by Kemnitz was
statistically significant, it was small (17% over control) and the fact that it was
not replicated in these experiments suggests that it may have been due to
chance. That this was a physiologically adequate dose of E
2
is demonstrated by
the fact that it decreased body weight and WAT LPL activity in a manner
consistent with previous reports (23,25).
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Tab
*
lG
I' .
Br°W
u
n adip°Se tiSSUe Weight (in m& of ovariectomized rats and
mean ± S
S
EM
6Stradi01 bGnZ°ate (E
2 ) or sesame oil vehic1*' Values are
Duration of
Experiment treatment (weeks) Treatment
Rats
oil
2 1 294 + 25 292 ± 24
2 3 405 + 20 394 + 30
Hamsters
3 3 220 + 10 255 + 22
3 5
(interscapular) 272 + 7a 330 + 17
(subscapular) 352 + 21 422 + 33
a
p <.05 vs. oil-treated controls
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Table 3. Brown adipose tissue protein content (in me/em tissue) ofovariectormzed rats and hamsters treated with estrad ol benzol iftMsesame oil vehicle. Values are mean + SEM
siI> ai i o zoate (E
2 ) or
Experiment
2
2
3
3
Duration of
treatment (weeks)
Rats
1
3
Hamsters
3
5
(interscapular)
(subscapular)
3
(4°)
(21°)
Treatment
86.1 + 2.4
54.7 +2.3
74.0 +4.3
. 57.0 + 1.4a
52.8 + 1.3
105.0 + 3.6b
73.4 + 3.5
Oil
87.0 + 2.2
55.6 + 2.8
82.9 + 5.0
62.7 + 1.5
55.7 + 1.9
116.0 + 3.3b
73.2 + 4.8
£p < .01 vs. oil-treated controlsb
p < .001 vs. warm-acclimated controls
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Fig. 3. Lipoprotein lipase activity in: (A)
parametrial white adipose
tissue (WAT) and interscapular brown adipose tissue (BAT) of ovariectomized
rats treated with 2 ug estradiol benzoate (EB) or
sesame oil vehicle per day for
one week and (B) in interscapular brown adipose tissue (BAT)
in ovariectomized
rats treated with 2 ug estradiol benzoate (EB) per day
or sesame oil vehicle for
three weeks.
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Experiment 3
Introduction
In this experiment, the effect of E
2 treatment on BAT LPL activity and
plasma triglycerides of hamsters was assessed. Although it is known that long-
term E
2 treatment increases plasma triglyceride levels in rats (22, 58), the
effects of this hormone on lipid metabolism in hamsters have not been
reported. Since it seems likely that both the availability of triglycerides as
well as BAT LPL activity may influence uptake of fatty acids, both of these
variables will be measured to determine whether the E
2
-induced increase in
newly-synthesized fatty acids in BAT of hamsters could be accounted for by an
increase in substrate availability and/or enzyme activity.
Method
Procedure
.
Nineteen OVX hamsters received E
2
or control treatment as
described in General Methods. After three weeks the hamsters were sacrificed
by decapitation and interscapular BAT was dissected, processed and assayed for
LPL activity as described in Experiment 2. In addition, trunk blood was
collected into chilled, heparinized tubes and centrifuged at 4° C. Aliquots of
plasma were obtained for assay of triglycerides and glycerol and stored at -35°
C until the day of the assay.
Thirty additional hamsters were treated with E
2
or oil for five weeks,
when they were sacrificed and both interscapular and subscapular BAT were
collected, processed and assayed for LPL activity. These hamsters were the
30
subjects of the cold exposure tests of Experiment 5.
Assay of plasma triglycerides. Plasma glycerol was measured by the method of
Wieland (82) modified to an enzymatic assay. In this procedure, glycerol is
phosphorylated by the enzyme glycerol kinase. The glycerol 3-phosphate thus
formed is oxidized to dihydroxyacetone phosphate by the enzyme glycerol
phosphate dehydrogenase in the presence of NAD+ . The NADH generated by
this reaction is measured spectrofluorometrically. Plasma triglycerides were
hydrolyzed in alcoholic KOH by the method of Bucolo (8). The total glycerol in
the sample, which is the sum of free glycerol measured in the first assay and
glycerol resulting from hydrolysis of the triglycerides, was measured as
described above. Glyceride-glycerol, which equals the level of plasma
triglycerides, was obtained by subtracting free glycerol from total glycerol.
Results
Both three (t 1? = 5.75, p < .001) and five (Xu = 5.33, p < .001) weeks of
E
2
treatment decreased body weight gain in hamsters (Table 1).
Three weeks of E
2
treatment increased LPL activity of interscapular
BAT (t
1? = 3.88, p < .002) (Fig. 4). In addition, five weeks of EB treatment
increased LPL activity in both the interscapular (t24 = 4.81, p < .001) and
subscapular (t24 = 3.23, p< .01) BAT pads (Fig. 5).
Three weeks of E
2
treatment decreased plasma triglyceride levels (t16 =
2.48, p < .05) (Fig. 5), but had no effect on plasma glycerol levels (Fig. 4),
interscapular BAT pad weight (Table 2), or BAT protein content (Table 3). Five
weeks of E
2
treatment had no effect on the size of the subscapular BAT, but
31
decreased the weight of interscapular BAT (t|| = 3
.19, p < .01) (Table 2) and
also decreased protein content of the interscapular pad (t23
= 2.85, p< .01)
(Table 3).
Discussion
The E
2-induced increase in BAT LPL activity suggests that newly-
synthesized fatty acids may be supplied to BAT through increased uptake of
fatty acids from circulating triglycerides, although the fact that circulating
triglycerides were actually decreased by E
2 treatment makes the magnitude of
this effect difficult to estimate. This E
2
-induced decrease differs from the
well known hypertriglyceridemic effect of E
2
in rats, but is consistent with the
finding of Experiment 1 that E
2
treatment increased apparent hepatic fatty
acid synthesis in rats, but decreased it in hamsters.
The reason for the decrease in size and protein content of interscapular
BAT in hamsters treated with E
2
for five weeks is unknown. While both effects
are statistically significant, they are small, unique, and may be due to chance.
32
Fig. 4. Lipoprotein lipase activity of interscapular brown adipose tissue
(BAT), plasma triglycerides, and plasma free glycerol of ovariectomized
hamsters treated with 5 ug estradiol benzoate (EB) per day or sesame oil
vehicle for three weeks.
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Fig. 5. Lipoprotein lipase activity of interscapular and subscapular
brown adipose tissue (BAT) of ovariectomized hamsters treated with 5 ug
estradiol benzoate (EB) per day or sesame oil vehicle for five weeks.
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CHAPTER IV
FEED EFFICIENCY, DEFENSE OF BODY TEMPERATUREAND COLD ACCLIMATION
The previous experiments have demonstrated that E
2 treatment is
associated with an increased appearance of newly-synthesized fatty acids in
BAT in both rats and hamsters and an increase in BAT LPL activity in
hamsters. Both of these effects are consistent with the idea that E
2 treatment
increases BAT therm ogenesis, and that the consequent enhancement of BAT
metabolic activity causes adaptive changes to occur to ensure an adequate
supply of lipid fuels. Direct tests of the effect of E
2 treatment on
thermogenesis in hamsters have not been made. The following experiments
were done to assess E
2
-induced changes in energy expenditure in hamsters.
Experiment 4
Introduction
Morin and Fleming (52) reported that Eg-induced changes in food intake
did not seem adequate to account for changes in body weight observed in
hormone-treated hamsters. To test the possibility that E
2
treatment decreases
feed efficiency in hamsters, the daily body weight gain of the hamsters treated
with E
2
for three weeks in Experiment 2 was subjected to repeated measures
ANOVA with daily food intake as a covariate. This allows an assessment of the
effect of hormone treatment on body weight gain when food intake is
statistically equated in the two groups.
36
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Method
The hamsters were those of Experiment 2. All procedures were as
outlined in General Methods. BMDP program 2V was used for the statistical
analysis.
Results
Five weeks of E
2 treatment decreased body weight gain in hamsters (t24
= 5.33, p < .001) (Table 1) (Fig. 6). E
2
treatment decreased mean daily food
intake (F
1>1? = 8.21, p < .02), and this effect grew significantly larger with
increasing duration of hormone treatment (F
5>85
= 7.44, p < .001) (Fig. 6).
When body weight gain was subjected to repeated measures analysis of variance
with daily food intake as a covariate, control hamsters still gained more than
Entreated hamsters (F
1>lg
= 17.37, p < .001). On the average, OVX, oil-
treated hamsters gained 0.46 g/day that could not be accounted for by their
greater food intake.
Discussion
The effect of E
2
on food intake had a different time couse in hamsters
than has been described for rats. In rats, the effect of E
2
treatment on food
intake is transient and has essentially disappeared after twenty days of
treatment (63). In contrast, the effect of E
2
on food intake grew progressively
larger over the 20 days of this experiment. These results are similar to those
reported by others (52), but the reason for the difference in rats and hamsters
is unknown.
As expected, E
2
treatment decreased the efficiency of weight gain in
38
hamsters. Although an indirect method was used to assess this possibility, the
results are consistent with previous data in the rat (63) and the hamster (52)
and support the hypothesis that E
2 treatment may reduce body weight in part
by increasing therm ogenesis.
39
Fig. 6. Mean daily food intake (top) and body weight (bottom) of
ovariectomized hamsters treated with 5 ug estradiol benzoate (EB) per day or
sesame oil vehicle for three weeks.
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Experiment 5
Introduction
If Entreated hamsters have decreased body weight because they expend
calories in thermogenesis, they may be better able to defend their Tb in against
a decrease in ambient temperature. To test this hypothesis, the change in T
b
caused by cold exposure was compared in Entreated and control hamsters.
Method
Thirty OVX hamsters received E
2
or control treatment as described in
General Methods. After three weeks, the hamsters were deprived of food two
hours after lights on in the morning and T
b was immediately measured by
inserting the probe of a Yellow Springs model 49TA telethermometer 2 cm into
the animal's rectum, and maintaining it there until the temperature reading
stabilized. The hamsters were then placed in a 4° C cold room for one hour and
Tb was measured again. Food was not returned to the hamsters until after the
second temperature measurement. One week later, this procedure was
repeated exactly, except that the duration of the cold exposure was increased
to three hours, and food was removed one-half hour after lights on, one and
one-half hours before the first T
b measurement, to minimize the thermic
effect of a recent meal. All Tb measurements were made with the
experimenter blind to the hormonal status of the hamsters.
Results
Three weeks of E
2 treatment increased Tb , (t24 = 2.24, p < .05), but this
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effect was not observed after four weeks of E, treatment (Table 4). E2
treatment had no effect on the decrease in Tb observed when hamsters were
exposed to cold for one or three hours (Table 4).
Discussion
The finding that E
2 treatment had no effect on the decrease in Tb
caused by cold exposure is contrary to the prediction that E
2~induced increases
in thermogenesis would allow hormone treated hamsters to defend T
b in
response to cold stress better than controls. These results are not necessarily
inconsistent with a thermogenic effect of E
2
treatment. The Entreated
hamsters were thinner and less well insulated than controls, which could have
increased their rate of heat loss in spite of increased heat production.
Laudenslager et al., (42) have shown that E
2
-induced thermogenesis is
accompanied by increased cooling, especially at lower ambient temperatures.
The increased Tb of Eg-treated hamsters in the first cold room test is in the
predicted direction, but too equivocal (given the lack of effect in the second
cold room test) to be interpretable. Conceivably the difference in procedure in
the second test (removing food one and one half hours before the first Tub
measurement) might have influenced the results by a differential thermic
effect of a recent meal, but this seems unlikely since Kemnitz (39) found no
difference between E
2
treated and control rats in meal stimulated oxygen
consumption of BAT.
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Table 4. Body temperature (T ) (in • C) of estradiol benzoate (E )treated and control hamsters beforehand change in Th during, a 4° C cofdstress. Values mean ± SEM. b 8 ' ia
Duration of
exposure (hr) Treatment
Oil
1 Initial Tb 36.2 + 0.2
a 35.6 + 0.1
Change in T
b -1.7 + 0.3 -1.7 ± 0.2
3 Initial Tb 35.8 ± 0.1 35.6 + 0.2
Change in Tb -3.0 + 0.2 -3.1 + 0.6
p < .05 vs. oil-treated control
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Experiment 6
Introduction
The results of the Experiments 1 and 2 show that E
2 treatment, which
increases heat production in rats and decreases the efficiency of weight gain in
rats and hamsters, is associated with adaptive changes in BAT which serve to
increase the supply of lipid fuel to that tissue. Other experimental
manipulations in which thermogenesis is increased, such as overfeeding and cold
acclimation, not only produce similar changes in BAT lipid metabolism, but
have additional effects. These include hyperplasia of BAT (61, 74), increased
blood flow (17), and content of the GDP binding protein which is a constituent
of the proton short circuit through the mitochondrial inner membrane (6, 75).
The result of these alterations is that overfed and cold acclimated rats have a
larger thermogenic capacity than controls (61). Cafeteria-fed rats placed in
the cold switch from shivering to nonshivering thermogenesis sooner than
controls (61). Conversely, the ob/ob mouse, which has defective BAT
mitochondria, is cold intolerant. The impaired ability of the ob/ob mouse to
increase thermogenesis in the cold results in an exaggeration of its obesity
compared to lean controls (72).
If E
2 treatment increases thermogenesis and induces adaptive changes in
BAT which increase its thermogenic capacity, Eg-treated hamsters should be
capable of a larger caloric output than controls during cold acclimation. This
difference in energy expenditure by the two groups should result in an
exaggerated effect of cold acclimation on body weight and carcass composition
in E
2-treated hamsters. To investigate this possibility, OVX, E2
_treated and
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control hamsters were maintained either at normal room temperature (21° C)
or at 4° C for four weeks. At the end of that time the animals were sacrificed
and their carcasses were analyzed to determine water and lipid content.
Method
Procedure. Thirty OVX hamsters were divided into four groups matched on the
basis of pre-operative food intake and body weight. Two of these groups were
maintained in the animal room at 21° C and received E
2 or control treatment
respectively. One week post-surgery, the other two groups were transferred to
a 4° C cold room, and also injected daily with EB or oil respectively. To
increase their chances of survival during prolonged cold stress, all hamsters
were fed a Corbit and Stellar high fat diet (two parts vegetable shortening to
one part ground Purina Laboratory Chow). After 27 days of hormone or control
injections, the hamsters were sacrificed by injection of 1 cc Nembutal.
Samples of the interscapular BAT and parametrial WAT were dissected and
assayed for LPL activity and protein content as described in Experiment 2.
Carcass compositon was determined by the method of Leshner (45).
Determination of Carcass Composition. Hamster carcasses were shaved,
evicerated, weighed, and dried to a constant weight at 70-75° C. Carcass
water was estimated by subtracting dry carcass weight from wet carcass
weight. The dried carcasses were ground to homogeneity in a Waring blender.
Samples of the ground carcass were weighed and the lipid extracted from them
by washing with 3 x 5 ml petroleum ether. The lipid content of the carcass was
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estimated by subtracting the weight of the delipidated carcass sample from the
original weight of the sample.
Results
E
2 treated hamsters gained less weight than controls whether they were
warm or cold acclimated (F
1>26
= 27.91, p < .001) (Table 1 and Fig. 7). Cold
acclimation caused both Entreated and control hamsters to lose weight
relative to those kept at 21° C (Fj 2g = 138.40, p < .001) (Table 1 and Fig. 7).
Food intake was decreased by E
2
treatment (F h26 = 7.75, p < .01) and increased
by cold acclimation (F
lj26 = 122.20, p < .001) (Fig. 7). Both the effect of
hormone treatment (F
?}182 = 2.26, p< .05) and that of cold acclimation (F ? lg2
= 18.01, p < .001) varied over days. Food intake returned toward control levels
after 20 days of E
2
treatment in hamsters kept at 21° C, while 22 days of
hormone treatment were required to suppress intake of cold acclimated rats.
Both E
2
treatment (F
1>26
= 10.47, p <.005) and cold acclimation (Fj 2g
=
40.64, p< .001) increased LPL activity in interscapular BAT. On the other
hand, neither manipulation had an effect on LPL activity in parametrial WAT,
although LPL activity appeared to be slightly decreased in EB treated hamsters
(Fig. 8). E2 treatment had no effect on BAT protein content, while cold
acclimation significantly increased this measure (Fj 2g = 95.80, p < .001) (Table
3).
Finally, both E
2
treatment (Fj 2g = 5.05, p < .05) and cold acclimation
(Fj
2 g
= 55.48, p< .001) decreased carcass water content of these hamsters. In
additon, both E
2
treatment (Fj 2g = 25.16, p < .001) and cold acclimation (F
j 2g
= 166.94, p < .001) decreased carcass fat content, but the effect of E2
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treatment was larger in the hamsters maintained at 21° C than in those
maintained at 4° C (F
1>26 = 13.58, p< .002). Both E 2 treatment (F^ = 7.66,
p< .02) and cold acclimation (F^ = 23.62, p < .001) decreased the lean
content of the carcasses of these hamsters (Fig. 9).
Discussion
The results of this experiment do not support the idea that the BAT of
E
2
-treated hamsters has a greater thermogenic capacity than that of controls.
Cold acclimation decreased body weight to about the same extent in E
-treated
and control hamsters. Contrary to the prediction, cold acclimation decreased
carcass lipid content slightly more in control hamsters (62% decrease) than in
E
2
-treated hamsters (51% decrease). These results suggest that four weeks of
cold acclimation at 4° C might have been such a severe thermogenic stimulus
that any effect of E
2 treatment was overwhelmed. The fact that E 2 treatment
did not increase BAT LPL activity above levels attained with cold acclimation
is consistent with this idea. The low body weights and carcass lipid content of
both groups of cold acclimated hamsters probably represent floor values for
these variables. It is possible that acclimation at a less extreme temperature
would not deplete the hamsters' lipid stores so completely and would reveal a
greater thermogenic capacity of Entreated hamsters.
The large increase in food intake caused by cold acclimation is
consistent with the reports of other investigators (34, 48). It undoubtedly
represents the calories the hamsters need for thermogenesis. Although E
2
treatment decreased food intake in both groups, the onset of the hormone's
effect was delayed in the cold acclimated group. Apparently the need for
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calories for thermogenesis overcame the suppressive effect of E 9 on food
intake.
Although E
2 treatment decreased parametrial WAT LPL activity, the
effect was not statistically significant. This is surprising in light of the fact
that E
2 treatment decreased carcass lipid content in warm acclimated
hamsters by 32%, although E
2
treatment caused only a 12% reduction in the
already depleted cold-acclimated hamsters. Both cold acclimation and E
treatment also decreased carcass lean content. In rats, E
2
treatment decreases
carcass lean content and linear growth (10, 44, 52). Cold acclimation may have
stunted the hamsters because it diverted fuels and protein, needed for growth,
to thermogenesis.
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Fig. 7. Mean daily food intake (top) and body weight (bottom) of
ovariectomized hamsters treated with 5 ug estradiol benzoate (EB) per day or
sesame oil vehicle and maintained at 21° C (warm) or 4° C (cold) for four
weeks.
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Fig. 8. Lipoprotein lipase acivity of parametrial white adipose tissue
(WAT) and interscapular brown adipose tissue (BAT) of ovariectomized
hamsters treated with 5 ug estradiol benzoate (EB) per day or sesame oil
vehicle and maintained at 21° C (warm) or 4° C (cold) for four weeks.
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Fig. 9. Carcass composition of
ovariectomized hamsters treated with 5
ug estradiol benzoate (EB) per day
or sesame oil vehicle and maintained at
21
C (warm) or 4 C (cold) for four weeks.
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CHAPTER V
GENERAL DISCUSSION
The Effect of Estradiol on RAT and Thermoggngsis
The purpose of the work summarized in this dissertation was to confirm
a thermogenic effect of E
2 , and to evaluate the possibility that E
2-induced
thermogenesis, like nonshivering thermogenesis (NST) and diet-induced
thermogenesis (BIT), is mediated by BAT. The first three experiments tested
the hypothesis that if E
2
treatment increased thermogenesis by BAT, then it
would also increase the appearance of newly-synthesized fatty acids, and
possibly, LPL activity, in BAT. The results of these experiments suggest that
E
2
-induced decreases in energetic efficiency are caused by BAT thermogenesis,
in that E
2 treatment increased the appearance of newly-synthesized fatty acids
in BAT of both rats and hamsters. In addition, the results of these experiments
indicate that the mechanisms by which substrate supply is increased to BAT of
rats and hamsters in response to E
2 differs, in that LPL activity, and therefore
uptake of fatty acids, is increased in hormone-treated hamsters, while it is
unaltered in rats. The fact that E
2 treatment caused no increase in BAT size,
as cold-acclimation and over-feeding do, may indicate that this hormone is a
relatively weak thermogenic stimulus.
The purpose of the second set of experiments was to demonstsrate the
presence of other correlates of thermogenesis in Entreated hamsters.
Experiment 4 showed that energetic efficiency is decreased in golden hamsters
treated with EB. The results of Experiment 5 indicate that this decrease in
56
57
efficiency, which is probably caused by thermogenesis in BAT, is not
accompanied by increased Tb or an increased ability to defend Tb against a cold
challenge. This may suggest that one of the underlying assumptions of the
hypothesis was in error. This assumption is that increased thermogenesis is a
direct effect of EB treatment. The hypothesis is invalid if increased
thermogenesis is a consequence of increased heat loss. Heat produced to
maintain T
fe
in the face of chronic, EB-induced cooling would not be reflected
in higher Tb after further cooling. As discussed in Experiment 5, there are
some data to indicate that E
2
treatment may increase heat loss in rat (42).
The hypothesis tested by the final experiment was that, in addition to
increasing thermogenic activity, E
2
treatment may increase the thermogenic
capacity of BAT. This is a consequence of heightened thermogenic activity
caused by cold acclimation and over-feeding in rats (61) and high fat feeding to
hamsters (79). If it is present, it should occur independent of whether
thermogenesis is a primary effect of Egtreatment or secondary to increased
cooling. Increased thermogenic capacity in Entreated rats would be reflected
by increased weight and lipid loss during cold acclimation. The results of this
experiment are equivocal, because cold acclimation caused such an extreme
loss of weight and lipid in both groups, that E
2
treatment had almost no effect
on these variables in cold acclimated animals.
The balance of previous evidence (42, 63), and the results of Experiment
4, indicate that E
2
treatment decreases energetic efficiency, probably by
increasing thermogenesis. The results of Experiments 1, 2, and 3 indicate that
E
2
treatment also causes changes in BAT that would facilitate increased
thermogenic activity, suggesting that the decreased efficiency of E
2 treated
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animals results from more calories being lost as heat.
Distribution of fn^ic
These experiments have provided further data on the effect of E
2 on
lipid metabolism in both rats and hamsters. The effect of E
2 on lipid
metabolism has been characterized as a redistribution of fuels away from
storage depots to metabolically active tissues (78). Hormonal regulation of
LPL activity can effect such redistribution in other situations. During
starvation and refeeding, LPL and consequent fatty acid uptake in WAT and
skeletal muscle are reciprocally regulated (11). WAT LPL is increased by
feeding and decreased by starvation and diabetes meUitus. These changes in
LPL activity are probably mediated by changes in plasma insulin (11). Thus,
changes in WAT LPL parallel changes in lipid storage. In the fed state, when
the rat has ingested more calories than it can immediately utilize, WAT LPL is
high and storage is facilitated. In the fasted state, when mobilization of lipid
from adipose is necessary, WAT LPL decreases and futile reuptake is avoided.
OVX, which increases lipid storage, also increases WAT LPL (23), while E9
treatment reverses both effects (22, 59). This effect is present after only one
or two days of E
2 treatment and is maintained for at least two weeks (22, 59).
In addition, E
2
treatment increases LPL in uterus (23). Since changes in tissue
activity of LPL are well correlated with changes in uptake of fatty acids, E0
modulation of LPL can be seen as a mechanism for synchronizing the
availability of fuels to a tissue with endocrine-induced alterations in the
metabolic activity of that tissue. The results of Experment 1 indicate that E 2
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may also act to shift fuels from adipose tissue stores to metabolically active
tissues by altering lipogenesis. The E
2-induced decrease in appearance of
newly-synthesized fatty acids in WAT and increase in uterus reflect and may
result from changes in LPL activity. In addition, although E
2
treatment didn't
alter BAT LPL activity in rats, it does act in some way to increase the supply
of newly-synthesized fatty acids to that tissue. E
2
may increase fuel supply to
BAT by elevating plasma triglycerides or by actuaUy enhancing synthesis within
BAT.
E
2 treatment seems to accomplish the diversion of fuels from storage to
oxidation by different means in hamsters and rats. EB treatment did not
significantly decrease WAT LPL activity in hamsters as it does in rats, nor did
it decrease the appearance of newly-synthesized fatty acids in that tissue.
Nevertheless, EB treatment did decrease body weight and carcass lipid content
in hamsters and increased the appearance of newly-synthesized fatty acids in
metabolically active uterus and BAT. The fact that E
2
treatment decreased
plasma triglycerides may in part account for the fact that E
2 decreases
adiposity in hamsters. Despite unaltered WAT LPL activity, decreasd substrate
availabilty could depress uptake and storage of lipids. It is also possible that E0
Li
treatment could enhance lipolysis in WAT of hamsters as it has been shown to
do in WAT from rats in vitro. In addition, increased BAT LPL activity of E
2
treated hamsters could direct circulating triglycerides preferentially to that
tissue, making them unavailable for storage. Finally, it is possible that E2
treatment increases lipolysis in hamster WAT. A small enhancement of
lipolysis has been obseved in OVX rats treated with E
2
(26).
As mentioned above, WAT and skeletal muscle LPL are reciprocally
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regulated by starvation and refeeding. This does not seem to be the case with
E2 treatment. Skeletal muscle LPL is slightly decreased after 12 days of E
2
treatment (59). This decrease was not reflected in diminished appearance of
newly-synthesized fatty acids in muscle, rather, EB treatment increased
tritium incorporation into muscle lipid of rats by 30%. On the other hand,
tritium incorporation into skeletal muscle of hamsters was decreased 28% by
E
2 treatment. These changes parallel the effects of E 2 on plasma triglycerides
in the two species. Whether they result from an increase in endogenous
synthesis or are merely a passive reflection of alterations in plasma
triglycerides is unknown.
If the action of E
2
on intermediary metabolism can be characterized as
a redistribution of fuels from sites of storage to sites of oxidation, it seems
inconsistent that Eg treatment increases lipogenesis and triglyceride secretion
by rat liver. Such an action converts readily oxidizable glucose into a storage
form. However, this conversion could be seen as a way of transforming a fuel
which can be utilized by all tissues into one which will be used predominantly
by tissues with increased LPL activity. The E
2
~induced increase in hepatic
lipogenesis may confer tissue specificity on ingested energy.
The effect of E
2
on hepatic lipid metabolism also differed in hamsters
and rats. E
2
treatment decreased tritium incorporation into lipids in hamster
liver. The fact that E
2 treatment also decreased plasma triglycerides suggests
that secretion of very low density lipoproteins by liver is decreased in
hamsters, instead of increased, as it is in rats. These data should be
interpreted with caution however. In the first place, although the plasma
triglyceride data are consistent with the results of the hepatic lipogenesis
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experiment, they are unique. Second, food intake was deereased by E,
treatment at the same time that blood was eoUeeted for triglyceride assay.
The deerease in plasma triglycerides may represent a decrease in chylomicrons
(the form in which the gut secrete, fat absorbed from food) rather than a
suppression of very low density lipoprotein secretion by the liver. In the rat,
the E
2
-induced increase in hepatic triglyceride secretion, which is present after
three days of hormone treatment (58) is not reflected in elevated plasma
triglyceride levels until food intake returns to normal. It is possible that as the
suppressive effect of E
2
on food intake diminishes in hamsters, plasma
triglycerides would be elevated as they are in rats. More information is needed
about the effect of E
2 treatment on the rates of triglyceride entry and
clearance in hamsters before definite conclusions can be drawn about how E,
affects fuel availability to tissues by changing plasma levels of triglycerides.
Cold acclimation
Acclimation at 4° C for three weeks appears to be a severe stress on
hamsters. Although Hoffman (34) found that hamsters housed at 10° C gain
weight compare to controls, the hamsters in this study showed a drastic weight
loss. This may be due to the lower ambient temperature used in this study,
since both Lyman (47) and Hoffman (33) found that hamsters housed at this
temperature also lost weight. In addition, the hamsters became very greasy
from the high fat diet they were fed. Loss of insulation from their fur may
have contributed to heat loss and impaired the hamsters' ability to conserve
calories.
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As previously reported (79), the warm-acclimated hamsters fed high fat
diet became obese. This is due to a decrease in thermogenesis in hamsters fed
a high fat diet (79).
Unlike rats (57), hamsters showed no change in WAT LPL after cold
acclimation. This was unexpected because cold acclimation causes a large
increase in sympathetic nervous system activity (85) and norepinepherine
decreases LPL activity in vitro (12). Hamster WAT LPL appears to be
relatively insensitive to hormonal manipulation. Since hamster WAT stores are
very sensitive to changes in temperature (Experiment 6), photoperiod, diet (80),
and levels of E
2
(Experiment 6), this enzyme may not be as important in
regulation of hamster WAT as it is in rats.
In contrast, hamster BAT LPL responds as readily as that of the rat to
cold acclimation. Apparently this increase represented a ceiling value for BAT
LPL under the conditions of this experiment, because EB treatment did not
cause a further elevation. High fat feeding decreases BAT LPL (79). This may
account for the fact that BAT LPL values in this experiment were lower than in
experiments in which hamsters were fed chow. Presumably the depletion of
WAT stores of cold acclimated hamsters can be accounted for by the increase
in lipolysis which results from cold-induced sympathetic stimulation, and the
use of the mobilized fatty acids for BAT oxidation.
In summary, E
2
treatment and cold acclimation both facilitate their
primary physiological actions, such as uterine growth and/or thermogenesis, by
concomitantly affecting the access of relevant tissues to lipid fuel by selective
alterations in triglyceride availability, tissue LPL activity, and perhaps,
lipogenic activity.
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Site of action of estradiol on thermogenesis
An intriguing problem raised by these data concerns the site of action of
E 2 in increasing thermogenesis and BAT metabolism. Other stimuli of
thermogenesis act via the ventromedial hypothalamus (VMH) and the
sympathetic nervous system. Lesions of the VMH abolish DIT (32). In addition,
electrical stimulation of the VMH increases the appearance of newly-
synthesized fatty acids in (66) and temperature of (56) BAT of rats. The VMH
contains estrogen receptors (13) and estrogen implants in that region of the
brain decrease food intake (76). It may be that E
2
treatment stimulates
thermogenesis by a direct action on the VMH which increases sympathetic
outflow to BAT. In that case, the increase in appearance of newly-synthesized
fatty acids and LPL activity of BAT would be consequent upon increased
metabolic activity in BAT.
Another possibility, discussed above, is that the primary action of E
2
is
to cause increased cooling, in which case thermogenesis would be a regulatory
response. It is not known how Eg treatment might increase cooling. It might
have a vasodilatory action in peripheral blood vessels. Loss of insulation from
adipose tissue might also contribute to increased heat loss.
Complexity is added to this problem by the fact that BAT of both rats
(77) and hamsters (Edens, June and Wade, unpublished observations) contains
cytoplasmic estrogen receptors. Thus BAT, like WAT, is theoretically capable
of responding directly to changes in plasma E
2 . BAT thermogenesis might be
driven by an E
2
~induced increase in intracellular fatty acids derived from
lipogenesis or circulating triglycerides rather than sympathetic mediated
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lipolysis.
Experiments which might elucidate the site of action of E
2 treatment
include comparing the effects of E
2
treatment in animals kept at
thermoneutrality to those kept at a warmer temperature. If EB-induced
thermogenesis is a regulatory response to increased cooling, maintaining
animals at an ambient termperature in which no heat production is necessary to
maintain Tb should abolish the effect of E2 on feed efficiency. If E2 increases
thermogenesis by a direct action on the central nervous system, E
2 implants
into the VMH or some other brain site should be as effective as peripheral
administration in increasing thermogenesis. In addition, increases in other
correlates of sympathetic stimulated thermogenesis, such as norepinepherine
turnover in BAT, would be indicative of a centrally mediated action of the
hormone.
Implications
A final question which should be considered is the role of progesterone in
thermogenesis. Progesterone treatment reliably elicits increases in Tb in both
OVX and intact rats (18) and humans (36). Most effects on food intake, body
weight, and WAT LPL activity (21) are diminished by concomitant progesterone
administration. Whether BAT thermogenesis is an exception to that rule, and is
stimulated by both E
2
and progesterone administration is unknown. This seems
unlikely, since progesterone increases efficiency of body weight gain in intact
rats (31). If progesterone does decrease thermogenesis, it may increase T^ by
reducing heat loss.
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Insight into the possible mechanisms of E^nduced thermogenesis might
be gained from a consideration of the purpose and consequences of this
phenomenon in the context of the female rodent's life history. In the rat,
estrous may occur when the female has just had a litter, so called post-partum
estrous (19). During estrous, E
2-induced changes in behavior act in concert to
increase the possibility that the female mates. Appetite and therefore time
spent eating is reduced (70) and activity increases (5). It has been shown that
female rats leave the nest when huddling in this well-insulated environment
causes Tb to rise (43). Eg-induced increases in thermogenesis could raise the
temperature of the nest and predispose the female to leave, thus enhancing her
chance of mating. If it is in this situation that E
2
-induced thermogenesis
occurs in the wild, it would be predicted that E
2
induces thermogenesis
directly, and that increased cooling serves a secondary, thermoregulatory
function. In addition, it might be predicted that the effect of progesterone is
on heat loss, rather than thermogenesis.
Post-partum estrous does not occur in the hamster (24, 40), and BAT
regresses during pregnancy in golden hamsters (69) so E
2-induced thermogenesis
cannot occur in the context proposed for the rat. For both species, however,
E
2
-induced thermogenesis makes sense if it is seen not as the exceptional case,
but as the base-line condition. If rats or hamsters chronically waste a certain
amount of energy in Eg-induced thermogenesis, this energy becomes available
for storage when the action of E
2
is reduced. This may occur during pregnancy
in the rat and hamster and during the diminishing days of late summer and fall
in the hamster. Golden hamsters gain weight without increasing food intake
during pregnancy (86). Although it has been shown that short photoperiods
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increase energetic efficiency in OVX hamsters (3) gonadal regression caused by
diminishing day length might serve to reinforce the primary mechanism of
energy conservation. The inhibition of Reduced thermogenesis may be a way
of providing more calories for the animal in the absence of (hamster) or as a
fail-safe accompaniment to (rat) increased food intake.
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